Abstract: Dent is a common form of defect on oil and gas pipeline. Some dents will undergo elastic or plastic recovery due to changes in internal pressure, also known as springback. To analyze the springback law of an API X60 pipeline with a dent defect, the secondary development technology of finite element software ABAQUS was used for parametric modeling of a dented pipeline. Using this model, the effects of various factors (wall thickness, internal pressure, indenter size, dent location, and dent depth) on the springback coefficient of a dented pipeline were analyzed. The significance of each factor was analyzed by combining an orthogonal experimental design with the Grey correlation degree. Finally, nonlinear regression analysis was used to obtain formulas for the springback coefficient as a function of the influential factors. The results show that the springback coefficient of the dented pipeline after pressurization was between 0.15 and 0.65, and the factor that had the largest effect on the springback coefficient was the dent location. The springback coefficient of the dented pipeline after de-pressurization was between 1.1 and 1.5, and the factor that had the largest effect on the springback coefficient was the internal pressure. The formulas that relate the springback coefficient and various influential factors can be used as a reference for estimating the springback of dented pipelines.
Introduction
Since the beginning of the 21st century, the oil and gas industry in China has been developing rapidly. In 2017, natural gas consumption per capita in China increased to 169.7 cubic meters, while oil consumption per capita increased to 0.43 tons [1] . If such a large oil and gas demand is to be satisfied, safe and reliable pipeline transportation is necessary [2] . However, during the installation of pipelines and their prolonged use, pipeline accidents happen frequently. Every year, about 20-40% of pipeline accidents are related to mechanical damage, most commonly in the form of dents [3] . Under the loads of internal pressure, an unconstrained dent located 240 • from the topmost point of the pipe circumferential direction (8-4 points clockwise) will spring back, which can affect the prediction of the fatigue life of the pipeline [4, 5] . The stress concentration coefficient of the dented pipeline depends on the dent depth, which is affected by the springback behavior of the dent [6, 7] .
Material
Tensile tests of API 5L X60 steel specimens were carried out by a universal testing machine. The stresses and strains obtained by uniaxial tensile tests were engineering stresses and strains. The true stresses and strains were calculated by the following formula [18] ε true = ln(1 + ε)
(1)
where ε true is the true strain, ε is the engineering strain, σ true is the true stress, and σ is the engineering stress. The true stress vs. the true strain is shown in Figure 1 . The material properties are shown in Table 1 . 
Parametric Finite Element Analysis
It is necessary to continually modify and reconstruct the model when simulating the springback of a dented pipe, which is burdensome. ABAQUS secondary development technology can effectively solve such problems [19] . The ABAQUS/CAE interface was bypassed by calling the library function through the Python language to achieve automated modeling, meshing, and other processes, which simplified the workflow, saved time and effort, and ultimately improved work efficiency [20] .
Finite Element Model
One quarter of the pipe was established as an analytical model because of the symmetry of the pipe and load condition [21] . To avoid the influence of the end structure of the pipe on the results, the length of the pipe model was set to be three times the pipe diameter [22] . A rigid ellipsoid model was chosen as the indenter model. A 1/2 indenter model was used because of the symmetry. The long and short axes of the ellipsoid are denoted b and a, respectively. The indenters were used to create dents on the pipe with a/b values of 0.1, 0.3, 0.5, and 0.7 (b = 200 mm). Dent depths of 15.24, 20.32, 25.4, 30.48, 35.56, 40.64, 45 .72, and 50.8 mm were introduced to the pipe with a diameter of 508 mm and wall thicknesses of 6.9, 7.7, 8.5, and 9.3 mm.
The pipe and indenters with locations of 0°, 30°, 60°, and 90° are shown in Figure 2 . A dent was generated for internal pressures of 2, 4, 6, and 8 MPa. A surface-to-surface contact condition with no friction was imposed between the pipe and the indenter [23] . A master surface was defined at the outer surface of the indenter, and the outside surface of the pipe was assigned as a slave surface in the contact analysis [17] . The rigid indenter was divided by free meshing. A local mesh refinement was carried out on the dent area because the dent area of the pipeline was the focus of the analysis. A loose mesh was adopted far from the dent area [24] . Dense meshes with 5 elements through the thickness were assigned by a C3D8R solid element on the dented pipe [25] . 
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Finite Element Model
The pipe and indenters with locations of 0 • , 30 • , 60 • , and 90 • are shown in Figure 2 . A dent was generated for internal pressures of 2, 4, 6, and 8 MPa. A surface-to-surface contact condition with no friction was imposed between the pipe and the indenter [23] . A master surface was defined at the outer surface of the indenter, and the outside surface of the pipe was assigned as a slave surface in the contact analysis [17] . The rigid indenter was divided by free meshing. A local mesh refinement was carried out on the dent area because the dent area of the pipeline was the focus of the analysis. A loose mesh was adopted far from the dent area [24] . Dense meshes with 5 elements through the thickness were assigned by a C3D8R solid element on the dented pipe [25] . 
Load Model and Boundary Condition
The 120° range of the bottom of the pipe model was restrained in the Y direction [26] . Symmetrical constraints were applied to the proximal boundary and symmetric boundary of the pipeline. The Z direction constraints were assigned to the distal boundary of the pipeline model [27] . Introducing the dent to the pipe was achieved through the following procedure. The analysis steps are shown in Figure 3 .
(1) The indenter was applied with a displacement load to simulate the extrusion of the pipe by an external object. (2) The indenter was applied with a reverse displacement load to simulate the process of removing the external object after the pipe was dented. (3) An internal pressure was assigned to the inner surface of the pipe to simulate the dented pipe under normal operation. (4) The internal pressure was released to evaluate the residual dent depth and observe the springback phenomenon. 
The 120 • range of the bottom of the pipe model was restrained in the Y direction [26] . Symmetrical constraints were applied to the proximal boundary and symmetric boundary of the pipeline. The Z direction constraints were assigned to the distal boundary of the pipeline model [27] . Introducing the dent to the pipe was achieved through the following procedure. The analysis steps are shown in Figure 3 .
Plug-In Program
The parametric analysis plug-in of the dented pipe was created using the RSG dialog builder. The plug-in mainly involved three program files (xxDB.py, xx.py, xx_plugin.py), in which xxDB.py created programs for the dialog interface, xx.py called programs for parameter input, and xx_plugin.py registered programs for the plug-in [20] . The parameterized plug-in was integrated into ABAQUS after successful registration, and the "Dented Pipe Parameterized Analysis Plug-in" appeared in the ABAQUS submenu. The analysis process was entered after entering or modifying the parameters in the parameterized analysis interface.
FE Model Verification
To ensure that the plug-in program was operating correctly and to verify the accuracy of the finite element model, the full-scale springback test results of a dented oil pipeline in the literature [13] were compared with the numerical simulation results. Figure 4 shows the dent springback test device. 
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To ensure that the plug-in program was operating correctly and to verify the accuracy of the finite element model, the full-scale springback test results of a dented oil pipeline in the literature [13] were compared with the numerical simulation results. Figure 4 shows the dent springback test device. The API 5L X65 pipe with no internal pressure possessed an outer diameter of 820 mm, a wall thickness of 9.5 mm, and length of 11,500 mm. The indenter was a hemisphere with radius of 200 mm. Dent depths of 28, 51, and 106 mm were generated by the indenter. The test parameters were input into the plug-in to establish the model. The comparison between the finite element results and the test results is shown in Figure 5 . The finite element results agreed with the test results. Thus, the The API 5L X65 pipe with no internal pressure possessed an outer diameter of 820 mm, a wall thickness of 9.5 mm, and length of 11,500 mm. The indenter was a hemisphere with radius of 200 mm. Dent depths of 28, 51, and 106 mm were generated by the indenter. The test parameters were input into the plug-in to establish the model. The comparison between the finite element results and the test results is shown in Figure 5 . The finite element results agreed with the test results. Thus, the finite element model was adequate for studying springback in dented pipelines. The API 5L X65 pipe with no internal pressure possessed an outer diameter of 820 mm, a wall thickness of 9.5 mm, and length of 11,500 mm. The indenter was a hemisphere with radius of 200 mm. Dent depths of 28, 51, and 106 mm were generated by the indenter. The test parameters were input into the plug-in to establish the model. The comparison between the finite element results and the test results is shown in Figure 5 . The finite element results agreed with the test results. Thus, the finite element model was adequate for studying springback in dented pipelines. 
Results and Discussion
The dent depth changed after pressurizing or releasing pressure. Therefore, the springback coefficient was calculated by:
Residual dent depth after change De Springb nt dept ack coeffici h before ch ent = ange (3)
Pipe Wall Thickness
The indenter with an a/b of 0.3 was used to create a dent on the pipe with internal pressure of 6 MPa in the 0° position. Figure 6 shows the relationships between the dent depth and springback coefficient and the pipe wall thickness. According to Figure 6a , the springback coefficient increased with increasing pipe wall thickness. Thus, a thicker wall thickness led to larger springback coefficient, which is the same as the conclusion in literature [16] . The springback coefficient increased with increasing dent depth for a fixed wall thickness because the stress concentration in the dent 
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Pipe Wall Thickness
The indenter with an a/b of 0.3 was used to create a dent on the pipe with internal pressure of 6 MPa in the 0 • position. Figure 6 shows the relationships between the dent depth and springback coefficient and the pipe wall thickness. According to Figure 6a , the springback coefficient increased with increasing pipe wall thickness. Thus, a thicker wall thickness led to larger springback coefficient, which is the same as the conclusion in literature [16] . The springback coefficient increased with increasing dent depth for a fixed wall thickness because the stress concentration in the dent influenced the springback. A greater dent depth created a larger stress concentration, making springback more difficult as described in literature [14, 17] . The slope of the springback coefficient vs. the dent depth slightly increased with decreasing dent depth.
According to Figure 6b , the springback coefficient decreased with increasing dent depth and had values between 1.15 and 1.5. A larger wall thickness produced a smaller range of springback coefficients that decreased more gradually. The springback coefficient decreased with increasing pipe wall thickness for a fixed dent depth.
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According to Figure 6b , the springback coefficient decreased with increasing dent depth and had values between 1.15 and 1.5. A larger wall thickness produced a smaller range of springback coefficients that decreased more gradually. The springback coefficient decreased with increasing pipe wall thickness for a fixed dent depth. 
Internal Pressure
The indenter with an a/b of 0.3 was used to create dents on the pipe with wall thickness of 6.9 mm at the 0° position. Figure 7 displays the dent depths vs. springback coefficients for various internal pressures. According to Figure 7a , the springback coefficient decreased with increasing internal pressure because the hoop stress due to the internal pressure continuously applies an outward force to the dent. The slope of the springback coefficient vs. the dent depth decreased with increasing dent depth and internal pressure. This relationship was especially pronounced for the dented pipe with a pressure of 8 MPa. For the dented pipe with a pressure of 8 MPa, the slope of the springback coefficient vs. the dent depth was nearly constant with increasing dent depth.
According to Figure 7b , the springback coefficient decreased with decreasing internal pressure and increasing dent depth. For dented pipes with pressures of 6 and 8 MPa, the slope of the springback coefficient vs. the dent depth decreased with increasing dent depth. For the dented pipes 
The indenter with an a/b of 0.3 was used to create dents on the pipe with wall thickness of 6.9 mm at the 0 • position. Figure 7 displays the dent depths vs. springback coefficients for various internal pressures. According to Figure 7a , the springback coefficient decreased with increasing internal pressure because the hoop stress due to the internal pressure continuously applies an outward force to the dent. The slope of the springback coefficient vs. the dent depth decreased with increasing dent depth and internal pressure. This relationship was especially pronounced for the dented pipe with a pressure of 8 MPa. For the dented pipe with a pressure of 8 MPa, the slope of the springback coefficient vs. the dent depth was nearly constant with increasing dent depth.
According to Figure 7b , the springback coefficient decreased with decreasing internal pressure and increasing dent depth. For dented pipes with pressures of 6 and 8 MPa, the slope of the springback coefficient vs. the dent depth decreased with increasing dent depth. For the dented pipes with pressures of 2 and 4 MPa, the slope of the springback coefficient vs. the dent depth was nearly constant with increasing dent depth. Thus, the internal pressure significantly influenced the springback coefficient. with pressures of 2 and 4 MPa, the slope of the springback coefficient vs. the dent depth was nearly constant with increasing dent depth. Thus, the internal pressure significantly influenced the springback coefficient.
(a) (b) Figure 7 . Dent depth and springback coefficient with variation of the internal pressures during denting: (a) pressurization; (b) de-pressurization.
Indenter Size
The indenter was used to create dents on the pipe with a wall thickness of 9.3 mm and internal pressure of 6 MPa at the 0° position. Figure 8 shows the springback coefficients of the dented pipe with variations in the indenter size and dent depth. According to Figure 8a , the springback coefficient increased with increasing indenter size because a smaller indenter size resulted in a smaller plastic deformation area of the pipe for a fixed dent depth. This was more prominent for the indenter with an a/b of 0.1.
According to Figure 8b , the springback coefficient decreased with increasing indenter size. The springback coefficients were between 1.1 and 1.2 for the indenters with a/b values of 0.3, 0.5, and 0.7, while they were between 1.25 and 1.35 for the indenter with an a/b of 0.1. Thus, the internal pressure has a greater effect on the dent springback as the indenter size decreased. 
The indenter was used to create dents on the pipe with a wall thickness of 9.3 mm and internal pressure of 6 MPa at the 0 • position. Figure 8 shows the springback coefficients of the dented pipe with variations in the indenter size and dent depth. According to Figure 8a , the springback coefficient increased with increasing indenter size because a smaller indenter size resulted in a smaller plastic deformation area of the pipe for a fixed dent depth. This was more prominent for the indenter with an a/b of 0.1.
Dent Location
The indenter with an a/b of 0.3 was used to manufacture dents on the pipe with wall thickness of 6.9 mm and internal pressure of 6 MPa. Figure 9 shows the relationship between the dent depth and springback coefficient to variations of the dent location. According to Figure 9a , there were almost no changes in the springback coefficients for dents located at 0° and 30°. However, the springback coefficient increased as the dent location angle increased. The effect was more prominent for the dents located at 60° and 90°. This is partly due to the influence of the boundary conditions. According to the definition of constrained and unconstrained dents, the range of 120° at the bottom of the pipe is constrained by the vertical displacement. As the dented area moves closer to the bottom of the pipe, the constrained area of the pipe is larger, which restrains the springback of the dent, resulting in an increase in the springback coefficient.
According to Figure 9b , the springback coefficient decreased with increasing dent location and depth, and the springback coefficients were between 1.1 and 1.5. The curve of the springback coefficient vs. the dent depth was slightly smoother with increasing dent depth. 
The indenter with an a/b of 0.3 was used to manufacture dents on the pipe with wall thickness of 6.9 mm and internal pressure of 6 MPa. Figure 9 shows the relationship between the dent depth and springback coefficient to variations of the dent location. According to Figure 9a , there were almost no changes in the springback coefficients for dents located at 0 • and 30 • . However, the springback coefficient increased as the dent location angle increased. The effect was more prominent for the dents located at 60 • and 90 • . This is partly due to the influence of the boundary conditions. According to the definition of constrained and unconstrained dents, the range of 120 • at the bottom of the pipe is constrained by the vertical displacement. As the dented area moves closer to the bottom of the pipe, the constrained area of the pipe is larger, which restrains the springback of the dent, resulting in an increase in the springback coefficient.
According to Figure 9b , the springback coefficient decreased with increasing dent location and depth, and the springback coefficients were between 1.1 and 1.5. The curve of the springback coefficient vs. the dent depth was slightly smoother with increasing dent depth. . Dent depth and springback coefficient with variation of the dent locations during denting: (a) pressurization; (b) de-pressurization.
Significance Analysis of Influential Factors

Orthogonal Design
Based on the numerical simulation results, the orthogonal experimental design method and the Grey relational degree were combined to analyze the significance of the factors, such as the wall thickness, internal pressure, indenter size, dent location, and dent depth, on the springback coefficient [28] . Taking the springback coefficient after pressurization as an example, an orthogonal scheme with 5 factors and 4 levels was designed. The levels of each influential factor are summarized in Table 2 . The springback coefficient was taken as the evaluation criterion for the corresponding simulations. The orthogonal test design of L16 (45) used to design the orthogonal test table is shown in Table 3 . Figure 9 . Dent depth and springback coefficient with variation of the dent locations during denting: (a) pressurization; (b) de-pressurization.
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Orthogonal Design
Based on the numerical simulation results, the orthogonal experimental design method and the Grey relational degree were combined to analyze the significance of the factors, such as the wall thickness, internal pressure, indenter size, dent location, and dent depth, on the springback coefficient [28] . Taking the springback coefficient after pressurization as an example, an orthogonal scheme with 5 factors and 4 levels was designed. The levels of each influential factor are summarized in Table 2 . The springback coefficient was taken as the evaluation criterion for the corresponding simulations. The orthogonal test design of L16 (45) used to design the orthogonal test table is shown in Table 3 . 
Grey Correlation Degree Calculation
The influential factors were taken as a comparison sequence. Let the comparison sequence be
T . The number of trials at different times was denoted as t. Therefore, the matrix of s comparison sequences was [29] :
The springback coefficient was taken as the reference sequence. Let the reference sequence be y j (t) = y j1 , y j2 , · · · , y jk T . Therefore, the matrix of m comparison sequences was:
. . . . . . . . .
where y jk and x ik are of the same order of magnitude. The correlation degree was regarded as the shape similarity between the reference and comparison sequence curves. Therefore, the differences between the curves were used as a measure of the correlation degree.
The absolute value of the difference between the corresponding elements of the comparison and reference sequences was:
Therefore, the correlation degree between the i-th comparison sequence and the j-th reference sequence at t time was:
where ρ is the resolution coefficient, which was introduced to improve the significance of the difference between the correlation coefficients. The acquisition process of the comparison and reference sequences was subject to disturbances due to uncertainties, which can create outliers in the data because the system is inevitably affected by various uncertainties in the operation process. To avoid the disturbances of outliers caused by uncertain factors and to make the correlation coefficient better reflect objective reality, the value of ρ was determined according to the following methods.
∆ jmean which is the mean value of the absolute value of the differences between all comparison sequences and the j-th reference sequence, calculated as follows
when ∆ jmax > 3∆ jmean takes ε j∆ ≤ ρ j ≤ 1.5ε j∆ and when ∆ jmax ≤ 3∆ jmean takes 1.5ε j∆ ≤ ρ j ≤ 2ε j∆ .
The resolution coefficient ρ was calculated as
The correlation degree is a measure of the correlation between the reference and comparison sequences. It describes the relative changes of the two sequences. If the relative changes are mostly consistent during the whole development process, the correlation degree between them is large; otherwise, the correlation degree is small. The correlation coefficient is a measure at a fixed time. Therefore, the average value of the correlation number at each time, which was taken as a measure of the degree of correlation in the comparison of the whole process, was:
where r x i , y j is the Grey relation of x i to y j abbreviated as r ij .
Significance Analysis
The Grey correlation degree between the factors and springback coefficients was obtained using Equation (10) after normalizing the data in Table 3 : r = (0.603, 0.641, 0.593, 0.688, 0.653). The value of ρ was 0.4. The factors were sorted according to the degree of correlation. The dent location had the greatest influence, followed by the dent depth and internal pressure, and finally the wall thickness. The indenter size had less influence on the springback coefficient.
Similarly, the Grey correlation degree between the factors and the springback coefficients after de-pressurization was calculated: r = (0.642, 0.835, 0.631, 0.598, 0.652). The value of ρ was 0.7. The internal pressure had the greatest correlation with the springback coefficient, reaching a value of 0.835, which indicates that the internal pressure had the closest relationship with the springback coefficient. The factors most closely related to the springback coefficient were the dent depth and wall thickness. The influential factor was again the indenter size. The lowest correlation parameter was the dent location.
Nonlinear Regression Analysis
Formula of Springback Coefficient after Pressurization
Based on the FE results and the main factors affecting the springback, a formula for calculating the springback coefficient of the dented pipeline after pressurization was fit, which provided a relevant basis for pipeline risk assessment. The dependence of the springback coefficient of the dented pipeline on the wall thickness, internal pressure, indenter size, dent location, and dent depth was expressed by a power function. The relationship between the springback coefficient and the influential factors was assumed to be [30] :
where H p is the springback coefficient of the dented pipeline after pressurization, d is the dent depth before pressurization, d p is the dent depth after pressurization, D is the outer diameter of the pipe, t is the wall thickness of the pipe, E is Young's modulus for X60 pipe, P is the internal pressure of the pipe, a is the short axis of the ellipsoidal indenter, b is the long axis of the indenter, β is the dent location and α, δ, γ, ς, τ, υ are the undetermined coefficients. The undetermined coefficients of Equation (11) were fit using a nonlinear regression method. Therefore, the formula for calculating the springback coefficient of the dented pipeline after pressurization was as follows: thickness. The influential factor was again the indenter size. The lowest correlation parameter was the dent location.
Nonlinear Regression Analysis
Formula of Springback Coefficient after Pressurization
where Hp is the springback coefficient of the dented pipeline after pressurization, d is the dent depth before pressurization, dp is the dent depth after pressurization, D is the outer diameter of the pipe, t is the wall thickness of the pipe, E is Young's modulus for X60 pipe, P is the internal pressure of the pipe, a is the short axis of the ellipsoidal indenter, b is the long axis of the indenter, β is the dent location and α, δ, γ, ς, τ, υ are the undetermined coefficients. The undetermined coefficients of Equation (11) were fit using a nonlinear regression method. Therefore, the formula for calculating the springback coefficient of the dented pipeline after pressurization was as follows:
-.
-. 
Formula of Springback Coefficient after De-Pressurization
Based on the FE results, the formula for calculating the springback coefficient of the dented pipeline after de-pressurization was fit. The dependence of the springback coefficient of the dented pipeline on the wall thickness, internal pressure, indenter size, dent location, and dent depth was expressed by a power function. The relationship between the springback coefficient and the influencing factors was assumed to be 
Based on the FE results, the formula for calculating the springback coefficient of the dented pipeline after de-pressurization was fit. The dependence of the springback coefficient of the dented pipeline on the wall thickness, internal pressure, indenter size, dent location, and dent depth was expressed by a power function. The relationship between the springback coefficient and the influencing factors was assumed to be
where H r is the springback coefficient of the dented pipeline after de-pressurization, d r is the dent depth after de-pressurization, d p is the dent depth before de-pressurization, D is the outer diameter of the pipe, t is the wall thickness of the pipe, E is Young's modulus for X60 pipe, P is the internal pressure of the pipe, a is the short axis of the ellipsoidal indenter, b is the long axis of the indenter, β is the dent location, d is the dent depth before pressurization and α, δ, γ, ς, τ, υ are the undetermined coefficients. The undetermined coefficients of Equation (13) were fit using a nonlinear regression method. Therefore, the formula for calculating the springback coefficient of the dented pipeline after de-pressurization was as follows: Figure 11 shows the comparison of the fitting formula results with the FE results. The squared sum of the correlation coefficients of the formula was 9.45 and the fitting effect was good. The above formulas can be used to calculate the springback coefficient of an X60 pipe that corresponds to the pipe parameters used in this study. 
where Hr is the springback coefficient of the dented pipeline after de-pressurization, dr is the dent depth after de-pressurization, dp is the dent depth before de-pressurization, D is the outer diameter of the pipe, t is the wall thickness of the pipe, E is Young's modulus for X60 pipe, P is the internal pressure of the pipe, a is the short axis of the ellipsoidal indenter, b is the long axis of the indenter, β is the dent location, d is the dent depth before pressurization and α, δ, γ, ς, τ, υ are the undetermined coefficients.
The undetermined coefficients of Equation (13) were fit using a nonlinear regression method. Therefore, the formula for calculating the springback coefficient of the dented pipeline after depressurization was as follows:
. .
-. Figure 11 shows the comparison of the fitting formula results with the FE results. The squared sum of the correlation coefficients of the formula was 9.45 and the fitting effect was good. The above formulas can be used to calculate the springback coefficient of an X60 pipe that corresponds to the pipe parameters used in this study. 
Conclusions
(1) To quickly and accurately establish an FE model of a dented pipe and to automate the simulation and analysis, ABAQUS secondary development technology was introduced. The plug-in interface for the parametric modeling and analysis of a dented pipe was programmed using RSG of ABAQUS, whose corresponding kernel script was compiled to cascade with it. This method avoids repeated modeling, saves time and energy, and effectively improves the automation of the simulation analysis process. (2) After pressurization, a thicker wall thickness led to larger springback coefficient. A larger internal pressure led to greater springback. The springback coefficient increased with increasing indenter size and dent depth. The closer the dent was to the bottom of the pipeline, the smaller the springback coefficient. Therefore, a dent at the top of the pipe should be of most concern in the evaluation of a dent, where the dent springs back most fully. (3) After de-pressurization, the springback coefficient decreased with increasing dent depth, wall 
(1) To quickly and accurately establish an FE model of a dented pipe and to automate the simulation and analysis, ABAQUS secondary development technology was introduced. The plug-in interface for the parametric modeling and analysis of a dented pipe was programmed using RSG of ABAQUS, whose corresponding kernel script was compiled to cascade with it. This method avoids repeated modeling, saves time and energy, and effectively improves the automation of the simulation analysis process. (2) After pressurization, a thicker wall thickness led to larger springback coefficient. A larger internal pressure led to greater springback. The springback coefficient increased with increasing indenter size and dent depth. The closer the dent was to the bottom of the pipeline, the smaller the springback coefficient. Therefore, a dent at the top of the pipe should be of most concern in the evaluation of a dent, where the dent springs back most fully. (3) After de-pressurization, the springback coefficient decreased with increasing dent depth, wall thickness, indenter size, and dent location. However, the springback coefficient increased with increasing internal pressure. The springback coefficients were concentrated between 1.1 and 1.5. Therefore, the literature [9, 11] values of the springback coefficient without internal pressure of 1.43 are not very accurate. (4) The effects of the influential factors on the springback coefficient were obtained by a combination of an orthogonal experimental design and the Grey correlation. For the springback coefficient after pressurization, the order of importance of the influential factors from largest to smallest was the dent location, dent depth, internal pressure, wall thickness, and indenter size. For the springback coefficient after de-pressurization, the order of importance of the influential factors from largest to smallest was the internal pressure, dent depth, wall thickness, indenter size, and dent location. (5) Quantitative expressions of the springback coefficient and influence factors were fit using a nonlinear regression method, which provides a reference for the calculation of springback of dented pipes. 
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